Phycoerythrin is the major light-harvesting pigment protein in red algae and is nowadays widely used as a fluorescent probe in biotechnological applications such as flow cytometry and immunofluorescence microscopy. In addition, it has had substantial economic impact due to its potential as a natural food colorant. However, knowledge on the precise molecular composition of phycoerythrin is limited. Here, we use a combination of high-resolution native mass spectrometry (MS) and fluorescence spectroscopy to characterize the assembly properties of the B-phycoerythrin protein complex from Porphyridium cruentum. Our data highlight the stabilizing role of the c subunit in the intact B-phycoerythrin protein complex. In addition, by native MS we monitor B-phycoerythrin (dis)assembly intermediates, providing insight into which species contribute to B-phycoerythrins color and the factors that give B-phycoerythrin its highly fluorescent properties. Together, the data provide significant insights into the structural properties of B-phycoerythrin which is beneficial for its use within the biotechnology industry.
Introduction
Currently there is substantial economic interest in microalgae due to their application as a natural source of compounds such as lipids, pigments, proteins, and polysaccharides [1, 2] . Of these, natural pigments such as phycobiliproteins are of particular interest due to their biotechnological applications in food colorants, pharmaceuticals, and the cosmetic industry [3] . One prime example is phycocyanin, the most commonly used natural blue pigment in the food industry for products such as jelly and bubble gum [4] . Additionally, in biological and medical research applications, phycobiliproteins are increasingly utilized in flow cytometry, immunofluorescence activated cell sorting and in vivo imaging [5, 6] . Their water soluble, highly fluorescent properties providing them with advantages over small organic dyes, whereby nonspecific binding is a common encounter [7] .
Red algae contain three types of phycobiliproteins; allophycocyanins, phycocyanins and phycoerythrins, which together form a huge macromolecular complex termed the phycobilisome [8] . These phycobiliproteins absorb light over a wide range of wavelengths in the visible part of the spectrum, enabling the transfer of excitation energy to photosystems I and II. As such, visually, the phycoerythrins appear red, the phycocyanins purple-deep blue, and the allophycocyanins blue-green. The color of the phycobiliproteins being attributed to the presence of linear tetrapyrrole prosthetic groups, termed bilins that covalently link to specific cysteine residues on the protein subunits. Phycoerythrin, in particular, is considered the world's brightest natural fluorophore, being 10-20 times brighter than the best organic dyes [3] . Despite its biotechnological potential, fundamental knowledge on the molecular composition and structural arrangement of these multisubunit protein complexes is lacking. Moreover, it is only with increased knowledge on how these proteins function in the light-harvesting complex that phycobiliproteins can be specifically designed to harness their full potential.
B-Phycoerythrin (B-PE) from the unicellular red algae Porphyridium cruentum consists of multiple a and b subunits of 17 817 Da and 18 554 Da, respectively, and a third less well-characterized c subunit with an apparent molecular mass of 30-33 kDa [9, 10] (Fig. 1) . The a subunit contains two covalently bound phycoerythrobilins (PEB) to cysteine residues 82 and 139, whereas the b subunit contains three PEBs, one bound to Cys82, one bound to Cys158, and the other one linked to both Cys50 and Cys61 [11] . In contrast, the c subunit is predicted to contain four bilin subunits; two PEB and two phycourobilins (PUB) [10] .
Physiologically, B-PE is thought to reside as a large macromolecular complex composed of two [(ab) 2 ] 3 hexamers and a single c polypeptide [12] . The specific inter-and intramolecular interactions present within the complex are crucial for B-PE's role in light transmission. Yet, the specific nature of these interactions and how they contribute to fluorescence is largely unknown. Indeed, residual electron density in crystallography data has suggested the c subunit is located in the center of the [(ab) 2 ] 3 hexamers, but due to rotational averaging no structural data for c has yet been obtained [12] . Moreover, it has been suggested that three or four different c subunits may be present within the phycobilisome [11] .
Efforts to date have been centered on utilizing techniques such as circular dichroism and UV-Vis spectroscopy combined with fluorescence spectroscopy to biophysically characterize B-PE [12] [13] [14] . However, these techniques lack high-resolution structural information, reporting only on the overall architecture of the protein-protein complexes in solution, and not on any unique, individual species that maybe present within the complex. Size exclusion chromatography has also been employed to characterize B-PE with limited success since the partially unfolded species at low and high pH interact strongly with the column material thus preventing quantitative information on all species in solution being obtained [13] . Thus, alternative methods are needed to monitor B-PE complex formation that would enable these B-PE complexes formed to be monitored as a function of fluorescence. Native mass spectrometry (MS), a technique in which proteins and their complexes are analyzed in their nondenatured state, is a fruitful, complementary method for characterizing the structure, stoichiometry and dynamics of protein complexes [15] . Soft ionization techniques, such as electrospray ionization, enable noncovalent complexes in solution to be transitioned into the gas phase for analysis, whereby each species can be uniquely separated on the m/z scale. Additionally, with the introduction of the Orbitrap mass analyzer with extended mass range, very high mass resolution on proteins and protein complexes can now be achieved [16, 17] enabling even small post-translational modifications, such as glycosylation [18, 19] and phosphorylation [20, 21] , to be uniquely resolved on proteins up to 150 kDa in size. Moreover, specific to photosynthetic complexes, native MS has recently offered new structural insights into the pigment-protein complex, FMO [22] and the phycobiliprotein, phycocyanin from Thermosynechococcus vulcanus [23] .
Here, we characterize that B-PE from P. cruentum use a combination of native MS and fluorescence spectroscopy. We show the importance of the c subunit in stabilizing B-PE complex formation. Moreover, by monitoring B-PE assembly/disassembly, we show the factors that contribute to B-PE's color and how the bilin arrangement within these complexes contribute to B-PE's highly fluorescent nature.
Results
Native MS highlights role of c subunit in stabilizing B-phycoerythrin
To determine the subunit stoichiometry of B-PE and thus which species contribute to its highly fluorescent properties, native MS was initially performed on B-PE at physiological pH. The predominant peaks in native mass spectrum consist of a narrow charge state distribution (33 + to 38 + ) corresponding to an average molecular weight of 263.9 kDa ( Fig. 2A , Table 1 ). This value is in the middle between the value reported from size exclusion chromatography (272 AE 5 kDa) [12] and the widely accepted molecular weight for B-PE of~240 kDa [10, 24] , thus we attribute these peaks to the intact B-PE protein complex. Peaks were also observed at the lower m/z region corresponding to a protein complexes of 39 304 Da and 117 955 Da and at higher m/z corresponding to a complex of 528 kDa in size. These complexes were significantly lower in abundance in contrast with the intact 263.9 kDa B-PE protein complex suggesting that the 263.9 kDa B-PE protein complex is the most abundant complex in solution.
Tandem MS is commonly used to determine the subunit topology of large protein complexes [25, 26] . Thus, to verify the subunit composition of the 263.9-kDa complex observed by native MS, ions corresponding to the 35 + charge state were isolated and subjected to gas phase dissociation (Fig. 2B ). Two major charge state distributions were observed at low m/z values corresponding to protein molecular weights 18 977 Da and 20 327 Da. These correspond with the predicted molecular weights (based on amino acid sequence) of the a and b subunits of B-PE, whereby the a and b subunits have two and three PEB covalently attached, respectively (Table 1 ). In addition to the a and b subunit dissociation products, complementary fragmentation products were observed at higher m/z values consistent in molecular weight with the intact B-PE complex minus either one a or one b subunit (Fig. 2B , Table 1 ). Thus, the 263.9 kDa species was assigned to a a 6 b 6 complex with an additional 27.3-28.2 kDa species present which we attribute to the c subunit. These a 6 b 6 c peaks are significantly broader than what would be predicted for a homogeneous protein complex of similar size (Table 1 ) [27] , thus consistent with previous observations [11] , multiple c isoforms are likely to reside within the complex. Interestingly, these c subunits are much smaller than initially proposed based on SDS/PAGE analysis [10] and based on their predicted amino acid sequences (29.4-36.9 kDa) [28] . This suggests some degree of Nor C-terminal processing has occurred either pre-or post-B-PE assembly. Regardless of when this cleavage occurs, since the B-PE analyzed remains in its intact, functional state, these missing regions on c are likely not necessary for B-PE complex formation. Based on the a and b subunit molecular weights as determined by tandem MS experiments (Table 1) , the low abundant 39-kDa and 118-kDa complexes in the native mass spectrum could be assigned to the ab dimer and the a 3 b 3 complex, respectively ( Fig. 2A) . Interestingly, these complexes do not contain a c subunit. In contrast, the a 6 b 6 complex is only observed with a c subunit attached. Thus, we conclude that the c subunit plays a critical role selectively in the formation and stabilization of the intact B-PE complex, likely, as previously suggested [29] , residing within the two hexameric rings, linking the two a 3 b 3 complexes together.
Correlating the presence of ab B-phycoerythrin intermediates with color
At physiological pH, B-PE is pink in color making it highly attractive for use in the food coloring and cosmetic industry (Fig. 3 and [13] ). Upon lowering the pH, B-PE changes to a purple color (Fig. 3 and [13] ), however, the structural reasons underlying this change are not known. Thus, next, we chose to monitor B-PE as a function of pH. Upon decreasing the pH from 8 to 6, no change in oligomeric species was observed by native MS (Fig. 3A) . Consistent with this, no change in color (Fig. 3C) or fluorescence (Fig. 3B) was detected, suggesting that B-PE is fully stable over the pH range 6-8. At pH 5, a slight decrease in the fluorescence emission was observed (Fig. 3B ). Differences were also observed in the native mass spectrum between pH 5 and pH 6-8. Specifically, at pH 5 the ab dimer is the predominant species compared with the a 6 b 6 c complex at pH 6-8. In addition, a a 2 b 2 complex becomes clearly visible at Table 1 . Experimentally determined molecular weights of observed proteins and protein complexes. The average molecular weights are reported for the proteins and protein complexes along with the monoisotopic molecular weight for the bilin subunit, phycoerythrobilin (PEB). Note, two species were observed for the b subunit corresponding to the presence one N-methyl asparagine on residue 72 alone [32] pH 5. A more striking difference, however, is observed at pH 4. Here, B-PE changes color from pink to dark pink (Fig. 3C ). This color change is consistent with a change in oligomeric species as detected by native MS (Fig. 3A) . At pH 4, the a 6 b 6 c complex decreases in intensity and ab oligomers (ab, a 2 b 2 and a 4 b 4 ) are observed. Interestingly, none of these ab oligomers have a c subunit attached suggesting that the c subunit likely remains weakly attached within the a 6 b 6 c complex and upon B-PE complex denaturation is rapidly released. B-PE complex dissociation at pH 4 corresponds with a decrease in fluorescence (Fig. 3B) . However, it is important to note that the fluorescent properties of B-PE do not disappear completely at pH 4, suggesting although not as fluorescent as the a 6 b 6 c complex, the ab oligomers themselves likely possess fluorescent properties. At pH 2, no protein complexes were observed by native MS (Fig. 3A) , no fluorescence was detected (Fig. 3B ) and a color change was observed from pink (at pH 6-8) to purple (Fig. 3C ). This fluorescence quenching mechanism observed at pH 2 is consistent with the lack of fluorescence detected upon B-PE denaturation in urea at neutral pH [30] . This strongly implies that complex formation is a prerequisite for B-PE pink color and highly fluorescent properties rather than the protonation of the chromophore. Indeed, this is consistent with previous studies whereby a loss of secondary structure was observed by circular dichroism at pH 2 [13] . The oligomeric species that predominate in solution upon decreasing the pH from 8 to 2 are shown in Fig. 3D . Upon decreasing pH, the c subunit disappears first from the a 6 b 6 c complex followed by the subsequent loss of a 2 b 2 tetramers until only the a and b monomers are present at pH 2. The presence of ab oligomers at pH 4 suggests that, if the assembly process is reversible, the a 2 b 2 tetramer is likely the major building block during B-PE assembly.
Reversible assembly of B-PE
Due to the location of the phycobilisome on the thylakoid membranes, B-PE in vivo is constantly affected by environmental changes such as the pH gradient that is generated during photosynthesis. B-PE, therefore, needs to be able to adapt and respond to these conditions. PE assembly has proven to be reversible with another variant of phycoerythrin, R-PE which has different spectral properties to B-PE [31] . Thus, next, we chose to investigate whether this was also the case with B-PE. Upon decreasing the pH from 7 to 4 and back to 7 again, the initial color of B-PE could be restored (Fig. 4A-C) . Although only an ensemble measurement, these data on color alone provides the first evidence that the B-PE disassembly/assembly process is reversible between pH 4 and pH 7.
To probe B-PE reversibility in more detail, native MS was performed at pH 7 ( Fig. 2A,4D) , upon reducing the pH to 4 (Fig. 4E) , and then again after increasing the pH back to 7 (Fig. 4F) . At pH 4 the a 6 b 6 c complex is almost completely disrupted with the ab dimer the most predominant species in the mass spectrum (Fig. 4E) . However, upon re-equilibrating the pH back to 7, the ab oligomers observed at pH 4 disappear and the a 6 b 6 c complex reforms (Fig. 4F) showing that B-PE complex formation is reversible. The transient nature of these ab oligomers implies, as we previously hypothesized, that the a 2 b 2 tetramer is the major building block during B-PE assembly. Upon comparison of the initial and refolded B-PE mass spectra, two minor differences can be noted. First, after reassembling the a 3 b 3 complex disappears. Second, the side peaks attributed to a 7 b 5 c and a 5 b 7 c complexes ( Fig. 2A, Fig. 4D ) are not present resulting in a 'cleaner' mass spectrum. The absence of these a 3 b 3 , a 7 b 5 c and a 5 b 7 c complexes in the refolded B-PE spectrum suggests that these species are likely off-pathway and have formed as an artifact of protein complex extraction and purification.
The fluorescence properties of B-PE were next compared before and after reassembling (Fig. 4G-I ). Consistent with the data obtained by native MS, B-PE fluorescence upon excitation at 498 nm decreased on reducing the pH to 4 (Fig. 4H ) and increased again on restoring the pH back to 7 (Fig. 4I) . This shows that not only the structural properties of B-PE can be restored but also B-PE can reassemble into its correct, functional state.
Discussion
B-phycoerythrin is one of the brightest natural fluorophores, yet the structural reasons behind its remarkable fluorescent properties are largely unknown. Here, we explored the relationship between the structure and function of B-PE using a combination of native MS, absorbance, and fluorescence spectroscopy. We show that at physiological pH, when B-PE exhibits its highest fluorescence, B-PE consists predominantly as a a 6 b 6 c complex of 263.9 kDa in size ( Fig. 2A, Fig. 3,  Fig. 5 ). This complex, upon pH denaturation, dissociates by initial ejection of the c subunit followed by sequential release of a 2 b 2 tetramers until at pH 2 only a, b, and c monomers exist and no fluorescence is observed (Fig. 5, Fig. 3 ).
Our most interesting observation occurred at pH 4. Here, the a 6 b 6 c complex is 95% dissociated yet the fluorescent properties of the B-PE solution are still maintained to a large extent (Fig. 3D, Fig. 4E,H) . Thus, it is possible that the ab oligomers alone contribute to fluorescence and these fluorescent properties are simply enhanced when the c subunit is present. In addition to enhancing fluorescence, we show the c subunit plays an important role in stabilizing the intact a 6 b 6 c complex, indeed, no a 6 b 6 complex was observed at any pH without the c complex subunit present. Interestingly, previous work by Mart ınez-Rodr ıguez and coworkers showed no notable changes in fluorescence over a pH range of 4-10 from which it was hypothesized that B-PE is stable [13] . Indeed, consistent with their observations, we observed only a very small decrease in fluorescence between pH 4 and pH 8 (Fig. 3B, Fig. 4G,H) . We show by native MS, however, significant structural rearrangements in, and partial disassembly of, the a 6 b 6 c B-PE complex occurring at pH 4 (Fig. 3A, Fig. 4E ). These changes are 'invisible' when monitoring B-PE by methods such as fluorescence spectroscopy, absorbance, or circular dichroism, revealing that B-PE is not that stable at pH 4. Thus, our results additionally highlight the advantages that native MS has in the monitoring of noncovalent photosynthetic protein complexes. Finally, we show that B-PE assembles reversibly between pH 4 and pH 7 (Fig. 4) . This enables B-PE to adapt in vivo to its changing environment. The knowledge that B-PE assembles reversibly is beneficial to the biotechnology industry, whereby a change in color reports accurately on the local environment surrounding B-PE. Additionally, since B-PEs color can be finetuned by pH alone, we expect the new-found properties of B-PE will help provide significant new insights into the utility of B-PE in biological and biomedical imaging applications.
Materials and methods

Native MS
B-phycoerythrin (B-PE) from P. cruentum was purchased from Thermo Fisher Scientific. For native MS analysis, B-PE was buffer exchanged into 200 mM ammonium acetate at pH 4, pH 5, pH 6, pH 7, and pH 8, and analyzed immediately using a Orbitrap EMR instrument (Thermo Fisher Scientific) operated in positive ion mode. B-PE was sprayed at a concentration of 5 lM using a nanoESI source and gold-coated borosilicate glass needles. A capillary voltage of 1.4 kV was applied and a source fragmentation of 0 eV. Native MS on B-PE was initially carried out on an LCT mass spectrometer (Waters) to optimize conditions. Based on these observations, the MS parameters were optimized on the Orbitrap EMR instrument to mirror the spectra obtained from the lower resolution LCT mass spectrometer. Consequently, in all cases, the source DC offset was set to 25 V, injection flatapole 8 V, interflatapole lens 7 V, bent flatapole DC 6 V, and transfer multiple DC 4 V. The trapping gas was set to 5. The HCD voltage and maximum injection time were set to zero and noise level to 2. All native MS was carried out at a resolution setting of 8750 and CsI used throughout for calibration. The accurate molecular weights of all proteoforms were calculated by averaging the molecular weights from a minimum of three differing charge states. For denaturing MS analysis, formic acid was added to Bphycoerythrin in 200 mM ammonium acetate pH 7 to a final pH of 2. The MS conditions used for denaturing MS (pH 2) were identical to those previously described except for the trapping gas which was lowered to zero to aid low m/z ion transmission. For all reassembly experiments, diluted B-PE in 200 mM ammonium acetate pH 4 was taken and concentrated to approximately 4 mgÁmL À1 using an Amicon Ultra centrifugal filter with a 3 kDa MWCO. The B-PE complex was then reassembled by rapid dilution into 200 mM ammonium acetate pH 7. Note that the B-PE complex did not readily reassemble in ammonium acetate buffer after full denaturation of B-PE at pH 2.
MS/MS analysis
All tandem MS experiments were carried out on an Orbitrap Exactive Plus mass spectrometer (Thermo Fisher Scientific) modified for optimal transmission and detection of high m/z ions [16] . For effective transmission of large complexes, the injection flatapole was set to 7, interflatapole lens 6, bent flatapole DC 6, and transfer multiple DC 7. The most abundant charge state of the a 6 b 6 c complex (35 + ) was selected for HCD fragmentation using nitrogen as a collision gas. All MS spectra were processed using Xcalibur v2.2 (Thermo Fisher Scientific).
Fluorescence spectroscopy
Samples from native MS measurements were diluted to a concentration of 0.08 mgÁmL À1 in 200 mM ammonium acetate at the relevant pH and fluorescence measurements taken after 10 min using a Cary Eclipse Fluorescence spectrophotometer (Agilent). The emission spectra shown were measured over the range 500-750 nm at an excitation wavelength of 498 nm. Emission spectra were also measured at an excitation wavelength of 540 nm and 565 nm. These spectra are consistent with those obtained by Gonz alez-Ram ırez et al. [13] demonstrating that the mass spectrometry buffer used (200 mM ammonium acetate) does not affect the fluorescent properties of B-PE. The excitation wavelengths were chosen based on the three characteristic peaks in the absorbance spectrum of B-PE at pH 7 [13] . A 1-cm path length cuvette was used and the temperature maintained at 21°C throughout. Slit widths were set to 5 nm for both excitation and emission.
